Abstract. The fluvial system is a major concern in modeling landform evolution in response to tectonic deformation. Three stream bed types (bedrock, coarse-bed alluvial, and fine-bed alluvial) differ in factors controlling their occurrence and evolution and in appropriate modeling approaches. Spatial and temporal transitions among bed types occur in response to changes in sediment characteristics and tectonic deformation. Erosion in bedrock channels depends upon the ability to scour or pluck bed material; this detachment capacity is often a power function of drainage area and gradient. Exposure of bedrock in channel beds, due to rapid downcutting or resistant rock, slows the response of headwater catchments to downstream baselevel changes. Sediment routing through alluvial channels
Introduction
Since the days of Hutton and Playfair, we have recognized that landscapes are created by erosional/depositional processes acting upon tectonically created surfaces. Late 19th century studies recognized the interactions between tectonics and erosion that occur via isostasy. Until recently this interaction has largely been deeoupled in geologic studies, with geomorphologists considering tectonic deformation as an imposed constraint and geodynamicists specifying as boundary conditions the erosional unloading in mountains and the sedimentary loading in basins. However, appreciation of the strong coupling of tectonic and geomorphic processes in the evolution of landscapes at regional to continental scales has been growing. For example, erosion of passive continental margin scarps induces lithospheric flexure that affects relief and drainage patterns over a wide belt [Gilchrist and $ummerfieM, 1990] . The style of deformation in orogenic belts may be influenced by the amount and spatial distribution of erosion [Dahlen and $uppe, 1988; Koons, 1990; Isacks, 1992l . In recognition of the strong interactions between tectonics and topography, several process-based models of regional erosion [Willgoose et al., 1991a However, most modeling approaches have oversimplified erosion, transpert, and depositional processes, particularly over regional scales. The initial discussion (general framework) focuses upon the major channel bed types occurring in natural channels, the factors controlling their occurrence, and their implications for long-term landform evoh•tion. We expand on the work of Howard [1980, 1987] and identify several channel types, all of which could occur in a large river system. We argue that a single transport or erosion law cannot suffice. Several field examples illustrate the primary role that bed material type plays in channel evolution. A second section reviews •antitative models for channel evolution and suggests an approach to modeling regional scale landform evolution through explicit treatment of transport and erosion in larger streams coupled with implicit parameterization of slope and low-order channel erosion. Finally, we conclude with a synopsis of remaining uncertainties in modeling of long-term fluvial evolution and crucial research needs.
In nearly every terrestrial landscape, fluvial processes dominate removal of weathering products, their transport, and stabsequent deposition at locations that may be separated from the source by thousands of kilometers. By connecting landscapes to their boundaries, rivers provide the primary linkage between tectonic deformation and landscape response. Adequate modeling of the fluvial system requires use of calibratable, mechanistic, transport/erosion laws.
Unlike crustal processes that are at least perceived as being driven by large-scale and relatively continuously acting forces, the erosion of landscapes occurs episodically by spatially variable processes that nevertheless create a coherent, integrated network of avenues of transport and concentrated erosion (valleys). Although it is tempting to model the fiver system with a single rule of transport or incision (e.g., a diffi•sion equation), such oversimplifications have little bearing upon what is observed.
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The functional form of the detachment capacity is discussed later. Variable aspects of channel morphology, such as width-depth ratio, may also be important.
Controls on Channel Bed Types
A crucial, but poorly understood, issue in long-term stream response is the factors determining which type of channel will occur in a given physiographic setting. This is addressed below for both alluvial and bedrock channels.
Role of transport mechanics in determining bed type in alluvial channels. Although stream channels transport a wide range of grain sizes, only a narrow proportion of this range predominates on the bed and determines the equilibrium channel gradient required to transport the imposed sediment load. Natural channels tend to be dominated either by relatively fine bedload (live bed conditions) or by a coarse, relatively immobile bed (threshold conditions). As we now discuss, this dichotomy is a consequence of the functional form of sediment transport relationships.
In alluvial channels, sediment transport rate in (1) is often expressed as a functional relationship •' between two dimensionless parameters, •I, (transport number) and 1/• (Shield's parameter) [Einstein, 1950] 
where 1/• c is the threshold for transport. In this and subsequent formulas constants of proportionality are indicated by a subscripted K and exponents are indicated by lowercase letters; unless otherwise noted, such constants and exponents are assumed to be spatially and temporally invariant. Because sediment transport rate increases as channel gradient increases (for a given grain size and discharge), channel gradient tends to adjust to an equilibrium value just steep enough to transport sediment load supplied from upstream (in the long-term context considered here, this would be the rate of supply from slope erosion within the drainage basin). This concept of equilibrium, or grade, was explicated by Mackin [1948] . The equilibrium gradient can be illustrated via expressing (4) as a functional dependence of gradient on discharge, sediment lead, and sediment caliber through the use of equations of steady, uniform flow:
where R is the hydraulic radius, V is mean velocity, Q is discharge, N m is Manning's resistance coefficient, K n is unity in meter seconds and 1.5 in feet seconds, and Kp is a form factor close to unity. Substituting (5)- (7) 
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The slow rate of motion of large grains tends to increase their concentration on the bed, but this is overbalanced in natural streams by the rapidly declining supply rates from slope erosion for larger sizes. For grain sizes larger than some limiting size d e, the supply of grains will be insufficient to make an appreciable contribution to the sedhnent bed in comparison to more abundant freer bedload. In light of the above arguments, Howard [1980, 1987] suggests that observed channel gradients and their corresponding grain sizes correspond to a narrow grain size range within the spectrum of supplied lead which requires the steepest gradient in transport equations of the form of (8).
Even in mountainous terrain, much of the sediment discharged by a river is relatively fme; hence the concentration term is high for free sediment, although the critical shear stress term is low. If sediment supply has a size distribution which is lognormally distributed about free sand then a plot of solutions of (8) as a function of grain size shows two regions, each dominated by one of the two terms discussed above (Figure 1 ). In the free size range there is a peak "required" gradient at a grain size somewhat coarser than the median grain size (usually in the sand size range for natural streams) due to the high supply rate, whereas the critical shear stress term produces a sloping line increasing indefinitely as size increases. If the limiting coarse grain size d e is small, then the peak gradient in the free size range will determine the channel gradient, and the coarser grain sizes, although present and participating in downstream transport, will be diluted in their representation in the bed due to the small value of the areal density •. On the other hand, if d c is large, then the gradient will be determined by Live bed gravel channels are similar to sand bed channels in that the gradient is affected by both sediment size and sediment supply rate. Live bed gravel may occur in mountainous, alpine, arid, and arctic areas where sediment yields relative to discharge are high and physical weathering predominates over chemical. Such channels generally convey a wide range of grain sizes on the bed, and most grain sizes are mobilized at about the same flow stage (the "equal mobility" concept [Parker and Klingeman, 1982] ). The major difference from fme-bed channels is that both downstream sorting and abrasion play an important role, so that grain sizes diminish fairly rapidly downstrean•. In channels where the gravel only thinly mantles the bedrock and therefore provides little storage of sediment, the primary causes of downstream fining must be particle breakdown or downstream reduction in size of locally contributed sediment. However, even in such channels there may be appreciable temporary sorting effects if sediment supply from slopes is episodic [Dietrich et al., 1993] . In depositional environments (alluvial piedmonts and fans), most modeling studies ascribe a leading role to sorting [Parker, 1991a, Threshold gravel channels generally occur in areas where present or past physical weathering has supplied coarse gravel, but overall sediment yields are low, such as in the Appalachian Mountains. In such situations, reworking of the gravel by floods maintains gradients close to threshold conditions. But the supply rates and sizes of gravel and boulders often varies spatially in a complicated way, so that there is no unique pattern of downstream change in grain size or channel gradient [Hack, 1957; Brush, 1961] . Large changes in grain size and gradient can occur over short distances [Ferguson and Ashworth, 1991] . However, Pizzuto [1992] 
Effects of Bed Type on Long-Term Stream Evolution
The role of bed type in controlling fluvial evolution is illustrated below with topical discussions of channel gradients in the Grand Canyon, the role of bedrock knickpoints in evolution of stream profiles, and the behavior of water- These observations suggest that bedrock control is minimal and that the river has excess scouring capacity even in the metamorphic and igneous rock portions of the canyon. Were the relatively small quantities of coarse boulders not locally produced within the canyon, thinning of the alluvial cover would probably have accelerated bedrock erosion and lowering of the fiver profile, producing considerably deeper dissection of the Colorado Plateau and its bordering mountain ranges than has occurred. Thus the production of coarse debris in steeplands created by relative uplift, has a negative feedback on erosion rates through its slow transport and commintation within the fluvial system and its role in maintaining steep channel gradients.
Knickpoints. We define a knickpoint to be a relatively steep gradient section of channel between lower-gradient sections, no matter whether it is prodraced by tectonic deformation, base level changes, or variable rock resistance. In alluvial streams, sediment transport acts rapidly to smooth 
Quantitative Modeling of Channel Evolution
The discussion now turns to process description of bedrock erosion and alhavial sediment transport within the context of large-scale modeling.
Erosion in Bedrock Channels
In streams with bedrock beAs the critical concern is the rate of bed scour. Erosion may occur by several mechanisms, inchading phmking, abrasion by sediment, sohation, and weathering. The relative importance of these processes depends upon rock type, channel hydraulics, water chenfistry, sediment type and load, and climate. Thus there is no universal law of bed erosion, and due to the general slowness of bed erosion in resistant rocks, few process observa- where K t is bedrock erodibility. They also assume that most erosion occurs as a result of high (flood) discharges and that erosion by any given flood is small compareA to overall basin relief. They therefore assume that a characteristic, or dominant discharge can be defmed that represents the average effect of the natural sequence of flows. Furthermore, the erodibility K t in (12) is assumed to be adjusted for the flow duration of the dominant discharge. The power law equations of hydraulic geometry introduced above ((5)-(7)) are assumed to be valid, together with expressions relating dominant discharge Q and channel width W to drainage area:
Combining (12) with (•), (6), (7), (12t) and (14) gives 
where the exponents are empirically evaluated. Foley [ 1980] shows that erosion by bedload should be proportional to the sediment load qs times the single-particle erosion rate divided by the characteristic saltation pathlength X. A power law relationship for bedrock erosion hnplies that gradients will gradually diminish if base level is fixed and that the lowest gradients will occur at the downstream end. However, as gradients decline, a minimum gradient will be reached where the gradient will only be just sufficient to transport sediment supplied from upstream, and that section of the stream will be converted to fme-or coarse-bed alluvial, depending upon sediment supply characteristics. The shape, height, and gradient of the knickpoint, and its temporal perseverance during upstream migration, depend upon the value of the exponents rn and n, the magnitude of base level drop, and the steepness of the alluvial channel sections. For high values of rn and n (erosion proportional to stream power), knickpoints remain steep as they migrate upstream and former alluvial sections are little eroded until they are engulfed by the migrating knickpoint because of the strong dependency of erosion rates upon gradient (Figtire 6b). On the other hand, for the case of fractional powers of rn and n, knickpoints are convexly rounded, they maintain a generally constant gradient but decreasing height during upstream migration, and the former alluvial sections undergo appreciable erosion during subsequent dissection although their gradient is only modestly increased until the knickpoint migrates through (Figure 6c) . If the gradient of the alluvial channels that form during times of base level stability are steeper than the previous simulations, then erosion of the former alluvial sections after base level lowering is more pronounced and knickpoints lower and gradually loose individuality (Figtires 6d and 6e) . The relevant criterion is the ratio of the alluvial channel gradient to that of the knickpoint. The knickpoint gradient is a function of the exponents rn and n, the magnitude of the base level drop, and the distance of knickpoint migration.
Although the simulations assume a downstream increase in discharge, development and migration of knickpoints also occur when discharge is constant or decreasing downstream, although the pattern of upstream migration is different.
Sediment Transport in Alluvial Channels
Modeling of bed elevation changes in alluvial channels using the conservation equation (1) requires estimation of the downstream trend in transport rate, which in turn depends upon sediment supply rate and grain size distribution, channel width, and discharge. Treatment of downstremn changes in transport rate also must also account for abrasion and sorting. Complicating the issue for long term drainage basin evolution is the necessity for developing transport relationships that integrate the effects of the natural temporal spectrum of discharges and sediment supply.
Equilibrium transport relationships for narrow grain size ranges of supplied sediment under constant discharge are reasonably well developed, although there are a plethora of empirical transport laws (see summaries by Vanoni [1975] , Chang, [1988] , and Gomez and Church [1989] ). Most of these can be formulated into relationships sinfilar to (4), although some are valid for only a limited range of grain sizes (e.g., gravel or sand) or for high or low transport rates. Some are for bedload transport only, whereas some inchide suspended load transport of bed matehal at high flow stages in sand bed streams (total load formulas). In channels with a narrow grain size range of bed matehal, hysteretic effects in transport rates as a function of bed shear are minor. However, stage-related changes in form drag due to bedform development can introduce temporal variations and time lags in the proportion of total perimeter shear that is available for transporting sediment. Nonetheless, for longterm, large-scale evaluation of sediment transport rates, the use of an appropriate transport relationship together with an empirical resistance relationship generally permits evaluation of transport rates with fair accuracy if a representative, or dominant discharge is used which is an average of the spectrum of natural discharges weighted by their transport capacity, but only so long as the grain size range of supplied sediment is small. Transient modeling of stream profile evolution in response to changes in hydraulic regime or base level is possible [Howard, 1982; Slingerland, 1987, 1990 ; Willgoose et al., 1991a,b; Bonneau and Snow, 1992] . Transient responses of sand bed channels to differential uplift have been documented [Burnett and Schumm, 1983; Ouchi, 1985] . Sand or sand-silt bed channels are most suitable for modeling using the approach discussed above. In such channels the range of grain sizes on the bed is usually small, and gravel, although present, is transported in generally negligible quantities. In addition, downstream changes in grain size due to comminution or sorting are appreciable only over distances greater than several hundred kilometers, although more rapid downstream fining sometimes occurs [Pickup, 1984] . Furthermore, because of the low gradients of sand bed channels their contribution to overall relief may be small, so that in large-scale modeling, errors in estinmting gradients may be inconsequential. However, two complications arise in large-scale modeling. Because of the wide range of grain sizes fed into headwater areas, a model must be capable of predicting when and where sand bed channels will occur. Furthermore, changes in hydraulic regime or tectonic warping can cause transitions to other channel types. Diminishment of sediment load (e.g., by upstream reservoirs) can lead to development of coarse-bed armoring. Similar transitions to coarse-bed conditions might accompany tectonic steepening of fiver profiles. A transition to bedrock channels may accompany rapid downcutting and removal of the alluvial bed (Figure 6) .
In channels carrying a wide range of sediment sizes the simple transport relationships of (3) 
Discussion-A Suggested Modeling Approach
For coupling of erosional processes with tectonic and climatic forcing on large spatial scales and over long time spans, a critical concern is prediction of spatial and temporal rates of erosion and deposition. If erosion of the landscape were everywhere in balance with a long-term constant rate of uplift, then correlation studies of erosion rates as a function of relief [e.g., Ahnert, 1970 Ahnert, , 1984 here is to explicitly model profile evolution of high-order channels while implicitly treating the interaction between channel evolution and sub-grid-scale response (flood hydrology and the delivery rates and grain size distribution of sediment from slopes and low-order channels). This takes an opposite approach to that used by Koons [1989] , which modeled slope erosion using a diffusion equation but simply specified the profile of high-order channels.
A large-scale fluvial model might be based on a matrix of cells, with each cell representing a high-order channel plus surrounding sub-grid-scale contributing area, such as the network models of Howard [1971b Howard [ , 1991 . Typical cell dimensions might range from 1 to 10 km square. The important issues would be characterization of sub-grid-scale erosion and sediment contribution, routing of fluvial sediment downstream, rate of channel bed erosion or deposition, tectonic deformation, temporal and spatial changes between channel types, flow directions, and initial and boundary conditions. Some of these issues have been discussed above, but the remaining issues are beyond the scope of this paper. However, the treatment of sub-grid-scale processes is particularly crucial, so that we suggest one possible approach.
Sediment yields from local slopes and channels might be modeled as a convolution function of present and past rates of incision of the high-order channel flowing through each grid cell: Figure 7 shows an example of temporal variation in qh as a function of changes in Oyb/Ot using (29). The grain size distribution of sediment supplied from local slopes is also important in determining bedload transport rates. A reasonable assumption would be a lognormal distribution with logarithmic mean and standard deviations /x and a, respectively. Both /x and a would be functions of bedrock characteristics, climate, and present and past channel erosion rates (expressed through a convolution function as above), under the assumption that the steeper relief associated with more rapid erosion would produce coarser and possibly more variable debris.
The primary issue in application to natural landscapes is providing reasonable estimates of X,/z, and a. The characteristic relaxation time 3, scales the time requirod for changes in stream erosion rates to be transmitted upslope and upstream within sub-grid-scale tributaries as perturbations of channel gradient, slope steepness, and drainage density. In the limiting case of 3,=0, slope and low-order channel response to change in erosion rate is instantaneous, and the entire cell erodes at the same rate. Two broad categories of slopes have been identified: regolith-mantled (transport-limited) slopes whose rate of erosion depends upon the capability of erosional processes to remove the regolith, and bedrock (weathering-limited) slopes whose erosion rate depends upon the rate of weathering [Culling, 1960; Carson and Kirkby, 1972] . In low-relief landscapes with thick regolith, low drainage density, and a dominance by creepike processes, 3, may be fairly long. In some mountainous areas, efficient frost weathering produces abundant coarse debris and slopes are close to threshold of stability [Carson, 1971; Carson and Petley, 1970] . In such cases, slope steepness varies little with erosion rate, and channel downcutting provokes an immediate response in mass wasting, so that 3, would be close to zero. High-relief areas with A number of the other issues that must be addressed in large-scale erosion models can be only briefly mentioned. Sediment must be routed through the fluvial system, with appropriate attention to prediction of bed type, sorting and abrasion using the quantitative approaches summarized earlier. Local bed type in alluvial channels depends upon which term is dominant in (8), and transitions between bedrock and alluvial channels could be treatexl as in the profile simulations in Figure 6 . In addition, boundary and initial conditions must be specified, including tectonic deformation.
Conclusions
The emphasis in this paper is on our inadequate under- The most critical uncertainties in prediction of long-term evolution of fluvial systems are (1) determination of what type of channel will occur in a given topographic-geologichydraulic-climatologic setting, (2) parameterization of slope-channel interactions (inch•ding size distribution and amount of sediment shed to channels), (3) quantitative characterization of erosion rates in bedrock channels, and (4) the role of debris production, sorting, and comminution in evolution of gravel bed channels.
Not discussed in this paper, but of considerable importance in long-term channel evolution are possible changes in channel pattern (meandering, braided or straigh0 and drainage network pattern through divide migration or stream capture. In addition, climate and climatic change influences often outweigh baselevel effects in mountainous regions (e.g., altiplanation, glaciation, high-elevation deserts).
Our recommendations for future study addressing regional scale landform evolution are to proceed on several fronts. The first is development and testing of simulation models of the type proposed above in order to assess the nature of channel type interactions and the types of simplifications that can be made in such modeling. At the same time, regional studies of channel geomorphology are needed, particularly in high relief areas, with an emphasis on channel type and bed sediment size, and processes of transport and erosion. Characterization of sediment supply rates and grain sizes from headwater slopes and channels is also essential, particularly in mountainous areas. Finally, application of absolute age dating techniques to estimation of erosion rates is necessary for model calibration.
